Concurrent chemoradiotherapy is standard treatment for patients with stage III non-small-cell lung cancer. Elderly patients may experience increased rates of adverse events (AEs) or less benefit from concurrent chemoradiotherapy.
INTRODUCTION
Lung cancer is the leading cause of cancer-related mortality in the United States, and a majority of patients have the non-small-cell lung cancer (NSCLC) subtype.
1,2 Approximately 20% to 25% of patients with lung cancer present with locally advanced disease, and for patients with unresectable stage IIIA or IIIB NSCLC and good performance status, concurrent chemoradiotherapy is the standard therapy. With concurrent chemoradiotherapy, the 3-and 5-year overall survival rates are 24% and 15%, respectively. 3 However, this treatment paradigm is associated with a significant rate of severe toxicity. A variety Author affiliations and support information (if applicable) appear at the end of this article.
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of concurrent chemotherapy and radiation therapy combinations and schedules are currently used, and the outcomes with the different treatment paradigms are similar.
The median age of patients with lung cancer is 70 years, and many patients have comorbidities associated with advanced age or tobacco use.
1 Cancer clinical trials select for a younger patient population than the general cancer population, and elderly patients are frequently underrepresented in clinical trials. [4] [5] [6] The eligibility criteria of concurrent chemoradiotherapy clinical trials select for the subset of patients most likely to tolerate and benefit from concurrent chemoradiotherapy. A significant proportion of patients seen in clinical practice do not meet the standard trial eligibility criteria, and clinicians extrapolate the benefit and toxicity of concurrent chemoradiotherapy to frail patients with significant comorbidities. Clinicians are frequently faced with the difficult decision about whether to treat an elderly patient with a potentially curative therapy that is associated with significant toxicity or with an inferior treatment paradigm, such as radiation therapy alone or sequential chemotherapy and radiation therapy. 3, 7, 8 Retrospective subset analyses of elderly patients treated in concurrent chemoradiotherapy trials have been discrepant. Some analyses have revealed similar outcomes and toxicity in elderly patients, whereas others have revealed age as a poor prognostic factor or a factor associated with a higher rate of toxicity. [9] [10] [11] [12] [13] [14] In previous analyses, approximately 20% to 25% of patients enrolled in the trials analyzed were age $ 70 years, and the elderly subsets in these analyses were small (24 to 130 patients), which limits the interpretation. The US National Cancer Institute (NCI) -supported cooperative groups (now known as the National Clinical Trials Network) have performed phase II or III clinical trials investigating concurrent chemoradiotherapy. We investigated the outcomes and adverse events (AEs) of elderly and younger patients enrolled in cooperative group trials to estimate the benefit and toxicity of concurrent chemoradiotherapy in elderly patients. We used the age cutoff of 70 years because that is the age that has been used to define elderly patients in previous prospective trials and retrospective analyses and for ease of comparison of our analysis with other studies.
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PATIENTS AND METHODS
Data-sharing agreements with the relevant cooperative groups were developed, and individual patient data (IPD) were obtained for patients with NSCLC or small-cell lung cancer treated in National Clinical Trials Network trials from 1990 to 2012. A centralized database was developed, and for this analysis, IPD were restricted to trials of concurrent chemoradiotherapy for unresectable stage IIIA or IIIB NSCLC. The study protocols and final publications were reviewed for inclusion, and only trials that included concurrent chemoradiotherapy alone or with induction or consolidation chemotherapy were included. IPD for patient populations with poor performance status or defined as poor risk were excluded. IPD from trials of a targeted therapy without chemotherapy were excluded, but IPD from trials of a targeted therapy in combination with chemotherapy were included. Patients age younger than 70 years were defined as younger, and patients age $ 70 years were defined as elderly, because this age cutoff has been used in previous prospective and retrospective analyses for patients with lung cancer. [15] [16] [17] [18] The primary end point investigated was overall survival (OS), and secondary end points were progression-free survival (PFS), rate of severe AEs, and reasons for treatment discontinuation. OS was defined as the time between random assignment or registration to death resulting from any cause. PFS was defined as the time between random assignment or registration to disease progression or death (whichever occurred first). Severe AEs were defined as NCI Common Terminology Criteria for Adverse Events grade $ 3. Individual grade $ 3 AEs Trials included (n = 16) IPD on 3,600 patients NSCLC, non-small-cell lung cancer; SCLC, small-cell lung cancer. *IPD from treatment arms within that investigated targeted therapy alone, administered sequential chemotherapy and radiotherapy, or poor risk or poor performance status patient population.
occurring at a rate of $ 2.5% in elderly or younger patients (excluding leukopenia and lymphopenia) were compared. The AEs were reported for the entire study treatment. The reasons for treatment discontinuation were assessed by the study team and reported as part of the protocol. Reasons reported for treatment discontinuation included treatment completed, AE, disease progression, patient refused further treatment, patient died during treatment, treatment never started, patient developed other disease, and no response to treatment; reasons not included in this list were categorized as other. Treatments were divided into the following treatment paradigms: induction chemotherapy followed by concurrent chemoradiotherapy, concurrent chemoradiotherapy alone, and concurrent chemoradiotherapy followed by consolidation chemotherapy. We then performed supplementary analyses of age as a continuous variable and using the age cutoff of 65 years and trial enrollment completed in 2000 or later or before 2000.
Statistical Methods
The association between age group with other patient characteristics was tested using the x 2 test for categorical variables and Wilcoxon rank sum test for continuous variables. Kaplan-Meier curves were used to characterize PFS and OS for younger and older patients. 19 The distribution difference of OS and PFS for younger and older patients was tested by logrank test, and the age-group effect was further quantified by unadjusted and adjusted hazard ratios (HRs) for PFS and OS, estimated with CIs using univariable and multivariable frailty Cox models. [19] [20] [21] [22] Unadjusted and adjusted odds ratios (ORs) for AEs and their CIs were calculated using univariable and multivariable generalized linear mixed-effect models for binary outcome. [23] [24] [25] Frailty Cox models and generalized linear mixedeffect models adopted here were one-stage approaches to analyze pooled IPD, which included study trial because random effects accounted for the clustering effect of patients with studies and the between-trial variance that could not be captured by covariates. Candidate covariates used for stepwise selection were: treatment group, age group, performance status, sex, race, weight loss, histology, number of chemotherapy agents, and recent trial or not (accrual closed after or before 2000). Treatment paradigm and age group were included in all adjusted models because they corresponded to the effects of primary interest. Variables included in the final model for the OS analysis were: treatment group, age group, performance status, sex, weight loss, and number of chemotherapy agents. Variables included in the final model for the PFS analysis were: treatment paradigm, age group, performance status, stage IIIA or IIIB, sex, weight loss, histology, number of chemotherapy agents, and recent trial. Variables included in the final model for the AE analysis were: treatment paradigm, age group, performance status, sex, histology, and number of chemotherapy agents. The adjusted HRs or ORs from the pooled analysis were compared with the adjusted HRs or ORs of each trial. Trial-level adjusted HRs or ORs and their CIs were estimated using multivariable Cox models or logistic regression models, adjusted for selected covariates. The P values testing specific effects for these regression models were based on the Wald test. When comparing the rates of specific AEs, the x 2 test was used to calculate P values, and for reasons for treatment discontinuation, the x 2 test was used to calculate P values, except when the association was tested on binary variables (treatment never started, developed other disease, and no response to treatment), where Fisher's exact test was used. All P values reported are two sided and were not adjusted for multiple comparisons. The study was approved by the Duke University Institutional Review Board. Data management and statistical analyses were performed by statisticians at the Duke Department of Biostatistics and Bioinformatics using SAS (version 9.3; SAS Institute, Cary, NC) and R (version 3.2; R Foundation, Vienna, Austria) statistical software.
RESULTS
IPD from 3,600 patients from 16 trials were included in this analysis (Fig 1; Appendix Table A1 , online only); 2,768 patients were categorized as younger, and 832 were categorized as elderly. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Seven trials used induction chemotherapy followed by concurrent chemoradiotherapy, four trials used concurrent chemoradiotherapy followed by consolidation chemotherapy, four trials used concurrent chemoradiotherapy alone, and one trial randomly assigned patients between induction chemotherapy followed by concurrent chemoradiotherapy and concurrent chemoradiotherapy. Nine trials used carboplatin and paclitaxel, two trials used cisplatin and etoposide, one trial used cisplatin and a third-generation agent, and one trial used carboplatin and pemetrexed. Four trials used a cisplatin-based therapy, and 11 trials used a carboplatin-based therapy, and one trial used cisplatin induction chemotherapy and concurrent therapy with carboplatin. The patient characteristics are listed in Table 1 . A statistically significantly higher percentage of elderly patients were male and had stage IIIA disease. These trials were conducted before routine collection of smoking history. kOther includes non-small-cell lung cancer not otherwise specified and nonsmall-cell lung cancer with no specific histologic diagnosis.
¶Definition of weight loss varied among the trials; defined as weight loss of 5% or 10% within the previous 6 months.
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In the unadjusted and multivariable models, elderly patients had a statistically significantly worse OS (HR, 1.20; 95% CI, 1.09 to 1.31 and HR, 1.17; 95% CI, 1.07 to 1.29, respectively). The median OS in the elderly and younger patients were 17.0 and 20.7 months, respectively (P , .01). In elderly patients, the 3-and 5-year OS rates were 29% and 17%, respectively, and in younger patients, the 3-and 5-year OS rates were 34% and 23%, respectively (Fig 2A) . When the treatment paradigms were analyzed, the test for treatment paradigm and age interaction was not statistically significant in the unadjusted (P = .81) or adjusted model (P = .97). In unadjusted and multivariable models, elderly and younger patients had a similar PFS (HR, 1.01; 95% CI, 0.93 to 1.10 and HR, 1.00; 95% CI, 0.91 to 1.09, respectively). The median PFS in elderly and younger patients were 8.7 and 9.1 months, respectively (P = .68; Fig 2B) . The treatment paradigm and age interaction test was not statistically significant in the unadjusted (P = .26) or adjusted model (P = .46). The outcomes observed with each of the different treatment paradigms are listed in Appendix Table A2 (online only).
Elderly patients had a higher rate of grade $ 3 AEs in the unadjusted and multivariable models (OR, 1.35; 95% CI, 1.07 to 1.70 and OR, 1.38; 95% CI, 1.10 to 1.74, respectively). When the rates of all grade $ 3, hematologic grade $ 3, and nonhematologic grade $ 3 AEs in elderly patients were compared with those in younger patients, we found that elderly patients experienced a statistically significantly higher rate of grade $ 3 AEs in each category ( Table 2 ). The treatment paradigm and age interactions in the unadjusted and adjusted models were not statistically significant (grade $ 3 AEs: unadjusted model, P = .81 and adjusted model, P = .77; grade $ 3 hematologic AEs: unadjusted model, P = 0.36 and adjusted model, P = .35; grade $ 3 nonhematologic AEs: unadjusted model, P = .79 and adjusted model, P = .71). The rate of grade 5 AEs was higher in elderly patients compared with younger patients (9.0% v 4.4%; P , .01). The rate of deaths attributed to treatment by the investigator was similar in elderly compared with younger patients (3.2% v 2%; P = .12); data were available for 2,091 patients for this analysis. The specific grade $ 3 AEs that occurred at a rate of $ 2.5% in elderly or younger patients are listed in Table 3 .
The reasons for treatment discontinuation were analyzed, and significant differences in the reasons for treatment discontinuation were observed (Table 4) . Elderly patients completed treatment at a lower rate (47% v 57%; P , .01), discontinued treatment secondary to an AE at a higher rate (20% v 13%; P , .01), refused treatment at a higher rate (5.8% v 3.9%; P = .02), and died during treatment at a higher rate (7.8% v 2.9%; P , .01). This analysis was performed using an age cutoff of 65 years and using age as a continuous variable, and the conclusions remained the same with these additional analyses (data not shown). Log-rank P < .001
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DISCUSSION
The main finding from this analysis is that elderly patients experienced more toxicity and poorer survival after concurrent chemoradiotherapy. The similar PFS and higher rate of grade 5 AEs suggest early deaths were a factor in the worse OS. The higher rate of toxicity was predictable because elderly patients can be frailer, and many clinicians already know elderly patients have difficulty tolerating concurrent chemoradiotherapy. The elderly patients enrolled in these trials met the trial eligibility criteria and represent a subset of elderly patients often described as the fit elderly. It seems that even fit elderly patients had comorbidities exacerbated by concurrent chemoradiotherapy, and the vulnerability of these patients was seen. It is also possible physicians were more conservative in the enrollment of elderly patients and more lenient in the enrollment of younger patients with comorbidities, and our analysis may have underestimated the impact of age. A difference in treatment selection according to age was observed in a previous analysis of chemotherapy for advanced NSCLC.
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These findings suggest the current methods of assessing elderly patients would benefit from further refinement. In the treatment of metastatic lung cancer, there has been interest in comprehensive geriatric assessment to assess patients before chemotherapy and better define who will tolerate or benefit from chemotherapy. 43, 44 Because concurrent chemoradiotherapy for stage III NSCLC carries significant toxicity, and over-or undertreatment can have significant clinical consequences, patients with stage III disease may be better candidates for investigating comprehensive geriatric assessment. The preliminary results of a prospective study of comprehensive geriatric assessment and the Vulnerable Elders Survey-13 (VES-13; a vulnerability screening tool that classifies patients as fit, medium fit, or unfit based on a numeric score) in elderly patients with stage III NSCLC treated with concurrent chemoradiotherapy revealed that in multivariable analysis, comprehensive geriatric assessment and the VES-13 had independent prognostic value. A higher VES-13 score was associated with statistically significantly shorter OS and higher rate of grade 3 or 4 toxicity. 45 The hope is that geriatric assessment will be able to identify which patients will tolerate and benefit from concurrent chemoradiotherapy, as well as identify previously undetected comorbidities that can be addressed before initiation of therapy.
Three trials included in this pooled analysis were previously evaluated, comparing the results of concurrent chemoradiotherapy in elderly patients with those in younger patients. Previous analyses of cooperative group trials have revealed a numerically higher rate of esophagitis and a higher rate of grade 4 pneumonitis, hematologic toxicities, and renal toxicities during cisplatin induction chemotherapy in elderly patients. [12] [13] [14] 26, 33, 35 With much greater patient numbers, our analysis provided the power to detect that elderly patients experienced a higher rate of other AEs and provided an estimate of the occurrence rates of specific AEs.
One of the advantages of using clinical trial data is the prospective collection of data on AEs and reasons for treatment discontinuation. Despite the standardized AE reporting using the NCI Common Terminology Criteria for Adverse Events, there can be ambiguity when interpreting clinical events because multiple interrelated processes contribute to the clinical situation. For instance, the attribution of death resulting from treatment can be challenging when the patient has treatment-related AEs, underlying comorbidities, and potentially intercurrent illness. In our analysis, a statistically significant difference in treatment-related deaths between elderly and younger patients was not observed (P = .12), but there were fewer IPD available for this analysis. Elderly patients had a statistically significantly higher rate of grade 5 AEs and a statistically significant higher number of elderly patients died during treatment as a reason for treatment discontinuation. 
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This indicates treatment with concurrent chemoradiotherapy carries greater risk in elderly patients. It is possible that by modifying the chemotherapy, the AEs associated with concurrent chemoradiotherapy could be reduced. In our analysis, a majority of the trials used carboplatin and paclitaxel (Appendix Table A1 ). A recent retrospective analysis and systemic analysis revealed similar efficacy between treatment with carboplatin and paclitaxel and treatment with cisplatin and etoposide with concurrent thoracic radiotherapy, with a higher rate of toxicity with cisplatin and etoposide. Neither analysis investigated whether there was an interaction between age and rate of toxicity with the two treatments.
46,47 A phase III trial compared cisplatin with pemetrexed or etoposide, and during the overall study period, the rate of grade 3 or 4 neutropenia was lower with cisplatin and pemetrexed. 48 In our study, when the different treatment paradigms were analyzed for interaction between age and treatment paradigm, a statistically significant interaction was not observed, suggesting that it is unlikely that a change in treatment sequence will significantly improve the tolerability of the therapy.
Our analysis has limitations. We were not able to identify if the AEs or treatment discontinuations occurred during the concurrent chemoradiotherapy or the induction or consolidation chemotherapy segments of the treatment regimens. This issue is particularly relevant because a recent phase III trial raised questions about the benefit of consolidation chemotherapy after concurrent chemoradiotherapy. 49 We also do not know the rate of chemotherapy dose adjustments, delays, and omissions or the rate of radiation treatment interruptions or dose adjustments. These trials also enrolled patients over an extended period of time, and there is the potential for variation in the characteristics of the elderly patient population enrolled in these trials compared with those of the current populations of elderly patients with stage III disease.
Treating a patient with concurrent chemoradiotherapy is always an individual decision based on each patient's comorbidities, symptoms, and specific clinical situation. There should be a discussion with the patient and his or her family about the risks and benefits and his or her preferences before initiating therapy. Fit elderly patients with stage III NSCLC should be encouraged to receive concurrent chemoradiotherapy, preferably in clinical trials, but physicians should be cautious when monitoring the effects of therapy in elderly patients because of an increased incidence of severe toxicity. Future research should seek ways to decrease toxicity, especially in the elderly. Trials specifically designed for elderly patients with stage III disease may improve outcomes as well. Toxicity may be lessened with the use of modified radiation therapy treatments and changes in systemic therapy, such as the use of a single chemotherapy agent during concurrent chemoradiotherapy. Additionally, subgroups of elderly patients may benefit from targeted therapy and immunotherapy. Assessment of frailty or comorbidities could potentially be used to individualize therapy by better matching patient subgroups to optimal therapies. Comprehensive geriatric assessment could be used to better characterize elderly patients and assess the potential for toxicity.
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